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Abstract 
 
The bilayer phase transitions of four diacylphosphatidylethanolamines (PEs) with 
matched saturated acyl chains (Cn = 12, 14, 16 and 18) and two PEs with matched unsaturated 
acyl chains containing a different kind of double bonds were observed by differential 
scanning calorimetry under atmospheric pressure and light-transmittance measurements under 
high pressure.  The temperature-pressure phase diagrams for these PE bilayer membranes 
were constructed from the obtained phase-transition data.  The saturated PE bilayer 
membranes underwent two different phase transitions related to the liquid crystalline (Lα) 
phase, the transition from the hydrated crystalline (Lc) phase and the chain melting (gel (Lβ) to 
Lα) transition, depending on the thermal history.  Pressure altered the gel-phase stability of 
the bilayer membranes of PEs with longer chains at a low pressure.  Comparing the 
thermodynamic quantities of the saturated PE bilayer membranes with those of 
diacylphosphatidylcholine (PC) bilayer membranes, the PE bilayer membranes showed higher 
phase-transition temperatures and formed more stable Lc phase, which originates from the 
strong interaction between polar head groups of PE molecules.  On the other hand, the 
unsaturated PE bilayer membranes underwent the transition from the Lα phase to the inverted 
hexagonal (HII) phase at a high temperature and this transition showed a small transition 
enthalpy but high-pressure responsivity.  It turned out that the kind of double bonds 
markedly affects both bilayer-bilayer and bilayer-nonbilayer transitions and the Lα/HII 
transition is a volume driven transition for the reconstruction of molecular packing.  Further, 
the phase-transition behavior was explained by chemical potential curves of bilayer phases. 
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1. Introduction 
 
Glycerophospholipids are main constituent lipids in biological membranes.  There are 
so many glycerophospholipids with different hydrophobic acyl chains and a different 
hydrophilic polar head group.  Phosphatidylcholines (PCs) are widely distributed in 
biological membranes and the bilayer aggregates such as vesicles and liposomes formed by 
PC molecules in the aqueous solution are frequently used as model bio-membranes.  PC 
bilayer membranes take several membrane states like gel and liquid crystalline phases 
depending on the orientation or packing of the PC molecules in the bilayer membrane.  They 
vary between membrane states by structural changes called phase transitions.  Reports on 
temperature induced structural changes, thermotropic phase transitions, of PC bilayer 
membranes have been made in large numbers [1-3], whereas those on pressure induced 
changes, barotropic phase transition, have been made in very limited numbers [4-14].  We 
focus our attention on the pressure effect of lipid bilayer membranes and have investigated the 
bilayer phase transitions of various kinds of PCs with different molecular structures such as 
chain length, chain unsaturation, chain asymmetry and linkage to a glycerol backbone [15-22].  
Thereby, the phase transitions of these PC bilayer membranes depending temperature and 
pressure have been elucidated thermodynamically. 
In addition to PC, there is another principal glycerophospholipid species, 
phosphatidylethanolamines (PEs).  PE universally exists in biological membranes from 
prokaryotes like Escherichia coli to eukaryotes like mammals although PC does not in those 
of prokaryotes.  PE has a small-sized polar head group, ethanolamine (-CH2-CH2-N＋H3) 
group, in contrast with PC with a large-sized head group, choline (-CH2-CH2-N＋(CH3)3) 
group.  It has been reported that bilayer membranes formed by PEs with saturated fatty acids 
as acyl chains, which we call saturated PEs here, exhibit gel and liquid crystalline phases 
similar to those formed by PCs with the same chains, but the membrane states are 
considerably different from each other [23-34].  On the other hand, PEs with unsaturated 
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fatty acids as acyl chains, which we call unsaturated PEs here, form one of nonbilayer phases 
called an inverted hexagonal phase at higher temperatures beyond the temperature range of 
the liquid crystalline phase [35-46], the structure of which can not be formed in PC bilayer 
membranes.  It is considered that the inverted hexagonal structure is partially and transiently 
formed in various cell or organelle membranes and plays an important role as local and 
transitional intermediates in cellular process related to morphological changes of membranes 
such as membrane fusion and fission, membrane transport as exo- and endocytosis [45,47-49]. 
There are many reports on thermotropic phase transitions of PE bilayer membranes 
though, barotropic phase-transition data are quite lacking and only a few data concerning the 
pressure effect on the bilayer phase transition of certain PEs have been reported by some 
groups including us [4,46,50-52].  Hence, the systematic study of the pressure effect on PE 
bilayer membranes remains to be investigated.  In the present study, for the purpose of 
examining of the phase transitions for the PE bilayer membranes under high pressure, we 
selected four diacylphosphatidylethanolamines (PEs) with matched saturated acyl chains, 
dilauroylphosphatidylethanolamine (12:0-PE), dimyristoylphosphatidylethanolamine (14:0-
PE), dipalmitoylphosphatidylethanolamine (16:0-PE) and 
distearoylphosphatidylethanolamine (18:0-PE), and two PEs with matched unsaturated acyl 
chains containing a different kind of double bonds, dioleoylphosphatidylethanolamine 
(18:1(cis)-PE) and dielaidoylphosphatidylethanolamine (18:1(trans)-PE).  The phase 
transitions of these PE bilayer membranes were observed as a function of temperature and 
pressure by differential scanning calorimetry (DSC) and high-pressure light transmittance 
measurement.  By using the phase-transition data obtained, the thermotropic and barotropic 
phase transitions of the PE bilayer membranes are characterized from the temperature-
pressure phase diagrams and the thermodynamic quantities of phase transitions.  
Furthermore, comparing the above results with the corresponding results of PCs with the 
same acyl chains as PEs [16,17,22], the resemblance and difference in phase transitions 
between PE and PC bilayer membranes are also discussed. 
 




2.1. Materials and sample preparation 
 
Four synthetic phosphatidylethanolamines with different linear saturated acyl chains, 
12:0-PE (1,2-didodecanoyl-sn-glycero-3-phosphoethanolamine), 14:0-PE  (1,2-
ditetradecanoyl-sn-glycero-3-phosphoethanolamine), 16:0-PE (1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine) and 18:0-PE (1,2-dioctadecanoyl-sn-glycero-3-
phosphoethanolamine), and two of them with different kinds of unsaturated acyl chains, 
18:1(cis)-PE (1,2-di[cis-9-octadecenoyl]-sn-glycero-3-phosphoethanolamine) and 
18:1(trans)-PE (1,2-di[trans-9-octadecenoyl]-sn-glycero-3-phosphoethanolamine), were 
respectively purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).  They were directly 
used without further purification.  Ligroin (petroleum fraction consisting mostly of C7 and C8 
hydrocarbons: Kanto Chemical Co., Inc., Japan) was used as a pressure-medium.  Water was 
distilled twice after a deionization, where the second step was done from dilute alkaline 
permanganate solution. 
The multilamellar vesicle dispersions were prepared by suspending each PE in water 
using a vortex mixer at a concentration of 1.0 mmol kg-1 for PEs with saturated acyl chains 
and at a concentration of 5.0 mmol kg-1 for PEs with unsaturated acyl chains.  They were 
sonicated for a few minutes by using a Branson model 185 sonifier at a temperature several 
degrees above the Lβ/Lα-transition temperature of each lipid.  And then, the dispersions were 
allowed to stand at about –20 °C for at least 24 hours to form the hydrated crystalline phase.  
For the 16:0-PE and 18:0-PE bilayer membranes, a special pretreatment called thermal 
annealing was made because it is difficult to induce the hydrated crystalline phase in bilayer 
membranes of phospholipids with long saturated acyl chains [22,53,54].  Both PE 
dispersions were annealed by seven thermal cycles, where 1 thermal cycle comprises high-
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temperature storage at 60°C (16:0-PE) or 70°C (18:0-PE) for one hour, and freezing storage at 
–15°C for more than 12 hours.  All PE dispersions were sonicated again in a very short time 
at a designated temperature to adjust the multilamellar vesicle suitable for phase-transition 
observation of each lipid before experiments. 
 
2.2. DSC measurements 
 
The phase transitions of PE bilayer membranes under atmospheric pressure were 
observed by use of high-sensitivity differential scanning calorimeters, MCS-DSC (MicroCal, 
Northampton, MA, USA) and VP-DSC (Malvern Instrum. Ltd., Worcestershire, UK).  After 
a degas treatment of 10 – 15 minutes for sample and reference solutions, the measurements 
were started with a heating rate of 0.75 K min-1.  The endothermic peaks in the DSC 
thermograms were analyzed by use of software Origin 7.0 (Lightstone Corp., Tokyo, Japan).  
DSC measurements of the 18:1(cis)-PE bilayer membrane at low temperatures below the 
freezing point of water were also performed by using a SSC 5200-DSC 120 calorimeter (SII 
Nanotechnology Co. Ltd, Chiba, Japan).  The prepared sample and reference solutions were 
sealed up to the amount of 60 µl in DSC silver cells.  After reaching thermal equilibrium, the 
measurements were carried out under a heating rate of 0.3 or 0.5 K min-1.  The endothermic 
peaks were analyzed by attached software for the apparatus.  The thermal quantities were 
averaged with the standard deviations from at least triplicate measurements. 
 
2.3. High-pressure light transmittance measurements 
 
Since the refractive index of a dilute vesicle solution noticeably changes at a phase 
transition, we adopted light-transmittance measurements as the phase-transition experiments 
under high pressure.  The phase transitions under high pressure were observed by a light 
transmittance technique using a high-pressure cell assembly PCI-400 (or PCI-500) (Syn. 
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Corp., Kyoto, Japan) attached to U-3010 (or U-3900) spectrophotometer (Hitachi High-
Technology Corp., Tokyo, Japan).  Two kinds of light-transmittance measurements 
developed in our laboratory were made; one is an isobaric thermotropic observation by 
scanning temperature at constant pressure and the other is an isothermal barotropic 
observation by scanning pressure at constant temperature.  Pressures were generated by a 
hand-operated HP-500 hydraulic pump (Syn. Corp., Kyoto, Japan) and monitored using a 
Heise gauge with an accuracy of 0.2 MPa.  Temperature of the pressure cell was controlled 
by circulating thermostated water from a water bath through a jacket enclosing the cell.  
Abrupt changes in transmittance of monochromic light (wavelength 560 nm) were observed 
at phase transitions and the phase-transition temperatures or pressures were determined from 
the inflection points in the transmittance vs. temperature or pressure curve.  The heating rate 
at a given pressure in the isobaric thermotropic measurements and the pressurizing rate at a 
given temperature were 0.5 K min-1 and 20 MPa (5 MPa in the vicinity of the phase transition) 
with a 15-min interval, respectively.  The measurements were performed in at least triplicate 
under the isobaric or isothermal conditions.  The detailed procedures for the light 




3.1. Thermal behavior of diacyl-PE bilayer membranes under atmospheric pressure 
 
The DSC thermograms of all diacyl-PE bilayer membranes in a heating scan are 
presented in Fig. 1.  We observed two kinds of endothermic peaks depending on the thermal 
history of a lipid sample in the thermograms of the saturated PE bilayer membranes.  One 
large endothermic peak was obtained in the first heating scan after freezing storage.  But in 
the subsequent scan (second scan), which was reheated immediately after cooling the lipid 
sample, another endothermic peak that is smaller than the peak in the first scan appeared in 
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the different temperature range from the first scan.  With increasing acyl chain length, the 
peak temperatures of both scans increased and the difference in temperature between both 
scans decreased.  For the 18:0-PE bilayer membrane, we could not observe two endothermic 
peaks depending on the thermal history but only low-temperature transition in both scans by a 
usual thermal annealing repeating freeze (–15°C) and thaw (5°C) cycles.  However, by using 
a special annealing described in the experimental section, we could detect two kinds of peaks 
similar to those of other three saturated PE bilayer membranes.  It was reported in the 12:0-
PE and 14:0-PE bilayer membranes [27-33] that the phase states are influenced by the thermal 
history of a lipid sample and they undergo a phase transition from the subgel or hydrated 
crystalline (Lc) phase to the liquid crystalline (Lα) phase and a phase transition from the gel 
(Lβ) phase to the Lα phase because the rate of transformation into the Lc phase is slow.  We 
assigned the higher-temperature transition obtained by the first scan as the Lc/Lα transition 
while the lower-temperature transition obtained by the second scan as the Lβ/Lα transition.  
Although the saturated PE bilayer membranes are known to exhibit a metastable Lc phase 
depending on the thermal history of a lipid sample [55, 56], we addressed only the phase 
transition from the stable Lc phase in this study.  The temperatures of the Lc/Lα and Lβ/Lα 
transitions except for the Lc/Lα transition of the 18:0-PE bilayer membrane were in good 
agreement with those in the tables constructed by Koynova and Caffrey [1,34]. 
In the DSC thermograms of the unsaturated PE bilayer membranes, we also observed 
endothermic peaks at two temperatures for both PE bilayer membranes, but the behavior was 
not sensitive to thermal history unlike the saturated PEs.  A relatively large endothermic 
peak was obtained for both PE bilayer membranes in the different temperature range: at a low 
temperature around –5°C for the 18:1(cis)-PE bilayer membrane and at a high temperature 
about 38°C for the 18:1(trans)-PE bilayer membrane.  Generally, one relatively large 
transition found for an unsaturated lipid bilayer membrane has been regarded as a chain 
melting (Lβ/Lα) transition, and the transitions observed for both PE bilayer membranes have 
been assigned as the Lβ/Lα transition [1,34,57].  However, the special attention must be taken 
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in treating a phase transition at a temperature below 0°C (freezing point of water) due to the 
acceleration of the Lc-phase formation.  We recently analyzed the transition of the 18:1(cis)-
PE bilayer membrane and identified the transition as the Lc/Lα transition not the Lβ/Lα 
transition [50].  The Lβ phase of the 18:1(cis)-PE bilayer membrane may be unstable at 
temperatures below 0°C and could not be observed in this study.  As for the 18:1(trans)-PE 
bilayer membrane, this transition is the Lβ/Lα transition itself as will be shown later.  On the 
other hand, there existed another small endothermic peak in the thermograms of both PE 
bilayer membranes [35-37].  Unsaturated PE bilayer membranes are known to form an 
inverted hexagonal structure at high temperatures above the Lβ/Lα-transition temperature.  
We identified the small peak observed in the high temperature region as the transition from 
the Lα  phase to the inverted hexagonal (HII) phase.  The temperatures were in fair agreement 
with those reported in literatures [34,42,44]. 
 
3.2. Phase transitions of diacyl-PE bilayer membranes under high pressure 
 
Figure 2 depicts examples of light-transmittance curves of several PE (14:0-PE, 18:0-
PE and 18:1(trans)-PE) bilayer membranes measured by the method of isobaric thermotropic 
observation under atmospheric and high pressure.  An abrupt change in the transmittance vs. 
temperature curves was found for the saturated PE bilayer membranes depending on the 
thermal history under atmospheric pressure, that is, the Lc/Lα transition in the first scan and 
the Lβ/Lα transition in the second scan.  The phase-transition temperatures determined from 
the transmittance changes were in almost accord with those obtained by DSC (e.g. Fig. 2(a) 
for the 14:0-PE bilayer membrane).  The transmittance vs. temperature curves of the 12:0-
PE and 14:0-PE bilayer membranes under high pressure exhibited the similar thermally 
historic behavior to those under atmospheric pressure and the transition temperatures were 
elevated by applying pressure.  In the 16:0-PE and 18:0-PE bilayer membranes under high 
pressure, we found two-step transitions in the first scan but a single-step transition in the 
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second scan (Fig. 2(b) for the 18:0-PE bilayer membrane) [50,51,58], although all phase-
transition temperatures increased by applying pressure.  Since the temperature of the Lβ/Lα 
transition in the second scan coincided with that of the latter transition in the first scan, two 
transitions observed in the first scan were assigned as the Lc/Lβ and Lβ/Lα transitions, 
respectively.  Here it should be noted in the both bilayer membranes that the Lβ/Lα transition 
can be observed at a temperature higher than the Lc/Lβ-transition temperature. 
Abrupt changes in the transmittance vs. temperature curves were also found for the 
unsaturated PE bilayer membranes.  The temperature shift of both Lβ/Lα and Lα/HII 
transitions to the high-temperature region on the transmittance curves of the 18:1(trans)-PE 
bilayer membrane by applying pressure was always detected with high accuracy (Fig. 2(c)).  
For the 18:1(cis)-PE bilayer membrane, the Lc/Lα transition could be only observed on the 
transmittance curves under high pressure due to the freezing of solvent water under 
atmospheric pressure, whereas the Lα/HII transition could be clearly observed on the 
transmittance curves under atmospheric and high pressure irrespective of the thermal history 
(data not shown). 
 
3.3. Phase diagrams of diacyl-PE bilayer membranes 
 
We determined the phase-transition temperatures of all diacyl-PE bilayer membranes 
under atmospheric pressure from the DSC measurements as given in Fig. 1, those under high 
pressure from the isobaric thermotropic transmittance measurements as given in Fig. 2 and 
the phase-transition pressures under constant temperature from the isothermal barotropic 
transmittance measurements (data not shown).  Now we can construct the temperature (T)-
pressure (p) phase diagram of each diacyl-PE bilayer membrane.  The resulting T–p phase 
diagrams of six diacyl-PE bilayer membranes are demonstrated in Figs. 3 and 4, respectively.  
We immediately notice from the phase diagrams in Fig. 3 that the phase diagrams of the 12:0-
PE and 14:0-PE bilayer membranes and those of the 16:0-PE and 18:0-PE bilayer membranes 
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are different.  In the 12:0-PE and 14:0-PE bilayer membranes, the temperatures of the Lc/Lα 
and Lβ/Lα transitions increased by applying pressure and the T-p curves of both transitions 
were convex upward slightly.  The Lc/Lα transition was always located above the Lβ/Lα 
transition in the diagrams, and the temperature difference between both transitions became 
narrower in the high-pressure region because the pressure dependence of transition 
temperature (dT/dp) was slightly greater in the Lβ/Lα transition (0.23 – 0.25 K MPa-1) than that 
in the Lc/Lα transition (0.21 – 0.22 K MPa-1).  In contrast to the above phase behavior, two 
transition curves intersected with each other at a relatively low pressure in the 16:0-PE and 
18:0-PE bilayer membranes.  The pressures and temperatures of the intersection point for the 
16:0-PE and 18:0-PE bilayer membranes were obtained as 22 MPa and 69°C, 14 MPa and 
78°C, respectively.  At pressures below the intersection pressure, either Lc/Lα transition or 
Lβ/Lα transitions was observed in accordance with the thermal hysteresis, whereas at high 
pressures above the intersection pressure, the Lc/Lβ transition, not the Lc/Lα transition, and 
Lβ/Lα transitions were observed consecutively.  Thus, we can say that the phase stability of 
the Lβ phase changes at the intersection point, that is, the phase changes from metastable to 
stable at the point.  The systematic change in the phase behavior for the saturated PE bilayer 
membrane depending on the chain length is attributable to the fact that the elevation of the 
transition temperature accompanied with the chain elongation is larger for the Lβ/Lα transition 
in comparison with the transition related to the Lc phase (Lc/Lα or Lc/Lβ transition).  
Furthermore, unlike the case of bilayer membranes of PCs with saturated acyl chains, the gel-
phase polymorphism and new pressure-induced phase such as an interdigitated gel (LβI) phase 
[8,10,17,22] were not found in the bilayer membranes of PEs with the same acyl chains as 
PCs at all. 
The phase diagrams of the unsaturated PE bilayer membranes (Fig. 4) exhibited 
remarkably different behavior from those of the saturated PE bilayer membranes (Fig. 3).  
All phase-transition temperatures were also elevated by applying pressure, but the degree of 
the temperature elevation for each transition was different.  The dT/dp value of the Lc/Lα 
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transition for the 18:1(cis)-PE bilayer membrane (0.146 K MPa-1) and that of the Lβ/Lα 
transition for the 18:1(trans)-PE bilayer membrane (0.209 K MPa-1) were smaller than those 
of the corresponding transitions for the saturated PE bilayer membranes.  Here, it should be 
noted that the dT/dp value of the Lα/HII transition for the 18:1(cis)-PE bilayer membrane 
(0.391 K MPa-1) was the largest of all phase transitions observed in phospholipid bilayer 
membranes, in other word, this transition was the most responsive to pressure.  This largest 
value was in good agreement with that reported by Winter et al. [52].  Whereas, in the Lα/HII 
transition for the 18:1(trans)-PE bilayer membrane, the dT/dp value (0.250 K MPa-1) was 
considerably smaller than that of the 18:1(cis)-PE bilayer membrane.  We have elucidated in 
previous phase-transition studies of phospholipid bilayer membranes [17,19-22,59] that the 
dT/dp values of bilayer membranes for phospholipids with acyl- or alkyl-chain homologs 
have similar values if their transitions are the same kinds of transitions as one another.  
However, the present results indicated that the tendency is not applicable in bilayer 
membranes of PEs with unsaturated chains of geometrical isomers.  Concerning the Lα/HII 
transition for the saturated PE bilayer membranes, since it is reported that the transition 
temperatures locate at temperatures higher than the boiling point of water [3,33,39,40], we 
could not observe the transition in the saturated PE bilayer membranes but observe the 
transition in the unsaturated PE bilayers because of the large transition-temperature reduction 




The thermodynamic quantities associated with the phase transitions under atmospheric 
pressure, the enthalpy (ΔH), entropy (ΔS) and volume (ΔV) changes, were evaluated from the 
phase-transition experiments.  The ΔH values were determined from the peak areas given in 
Fig. 1, and the ΔS values were obtained by using the relation held at phase equilibrium: 
ΔS = ΔH/T. (1) 
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The ΔV values were estimated by applying the following Clapeyron equation 
ΔV = ΔH(dT/dp)/T (2) 
to the transition-temperature (T) and ΔH values and the dT/dp value that obtained from the T 
vs. p curve under atmospheric pressure in Figs. 3 and 4.  The resulting thermodynamic 
quantities are summarized together with the T and dT/dp values in Table 1 for the saturated 
PE bilayer membranes and those in Table 2 for the unsaturated PE bilayer membranes, 
respectively.  In Table 1, are also included the apparent ΔV values of the Lc/Lβ transition for 
the 16:0-PE and 18:0-PE bilayer membranes, which were calculated by using the difference 
in ΔH values between Lc/Lα and Lβ/Lα transitions with T and dT/dp values at a high pressure 
under the assumption that the pressure effect on ΔH is negligible at a pressure of the 
intersection point.  The calculated ΔV values of the Lc/Lβ transition were almost comparable 
to those obtained from the difference in ΔV values between Lc/Lα and Lβ/Lα transitions.  The 
agreement of both values thermodynamically supports that the phase transition induced by 
pressure is exactly the Lc/Lβ transition. 
 
4.1. Thermodynamic properties for phase transitions of saturated diacyl-PE bilayer 
membranes 
 
Figure 5 shows the chain-length dependence of the Lc/Lα-transition and Lβ/Lα-transition 
temperatures for the saturated PE bilayer membranes.  Both transition temperatures 
increased with increasing acyl chain length but the shape of the curves was different: the 
curve was nearly linear for the Lc/Lα transition while it was convex upward for the Lβ/Lα 
transition.  The temperature difference between both transitions became narrower with the 
chain elongation, and both transition curves almost coincided with each other at chain length 
of 18.  Judging from the chain-length dependence of both transition curves, we expect that 
the intersection point of both transition curves might be observed if the temperature data 
could be extrapolated to longer chain length.  And the behavior of the chain-length 
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dependence of both transition curves is qualitatively similar to that of the pressure 
dependence of both curves given in Fig. 3.  This fact means that the increase in cohesive 
force due to a van der Waals interaction in saturated PE bilayer membranes brings the similar 
change in bilayer phase behavior to the case of pressure.  In Fig. 5, are also given the 
temperatures of the gel/Lα-transition (correctly, Pβ'/Lα transition) and those of the transitions 
related to the Lc phase (Lc/gel transition, see below) for bilayer membranes of the 
corresponding PCs (12:0-PC, 14:0-PC, 16:0-PC and 18:0-PC) with the same acyl chains as 
PEs [17,22,60].  In comparison with bilayer membranes of the PE and PC series, the 
temperatures of the gel/Lα transition for the PE series were about 19 – 33 K higher than those 
for the PC series and the temperatures of the Lc/Lα transition for the PE series were 43 – 45 K 
higher than those of the Lc/gel transition for the PC series.  Remarkable difference in both 
transition temperatures between PE and PC series is attributable to the difference in structure 
between their polar head groups.  One PE molecule in the bilayer membrane can form the 
hydrogen bonding between a hydrogen atom bound to a nitrogen atom quaternalized in an 
ethanolamine group and an oxygen atom of a phosphate group in an adjacent PE molecule, 
and hence the interaction between polar head groups is strengthened [61-63].  The existence 
of hydrogen bonding in condensed states such as the Lc and gel phases produces the great 
temperature elevation.  Moreover, in addition to the strong interaction between the PE head 
groups, the small-sized head group enables two acyl chains to orient perpendicularly from the 
membrane surface due to the least steric hindrance for the molecular conformation, and then 
the PE molecules do not need to tilt to accommodate the difference between head group and 
chain cross-sectional area, so only one gel phase is observed.  This behavior contrasts with 
the fact that the large-sized choline head group makes the acyl chains tilt from the membrane 
surface by about 30°, the large steric hindrance of which is responsible for the gel-phase 
polymorphism of the PC bilayer membranes. 
The chain-length dependence of ΔH and ΔV values of the Lc/Lα transition and Lβ/Lα 
transition for the saturated PE bilayer membranes is depicted in Fig. 6.  The ΔH and ΔV 
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values of the Lc/Lα transition and Lβ/Lα transition increased with increasing acyl chain length 
and both values of the Lc/Lα transition were about two or three times larger than those of the 
Lβ/Lα transition.  The Lβ/Lα transition results from trans-gauche conformational changes of 
lipid molecules in the bilayer membranes, that is, a phenomenon of acyl chain melting.  On 
the other hand, the Lc/Lα transition is the direct transformation from the Lc phase to the Lα 
phase.  It contains the mobility change in hydrophobic acyl chains and the hydration change 
near a hydrophilic ethanolamine head group in addition to the process of the chain melting.  
The ΔH and ΔV values of the Lc/Lβ transition, which can be obtained by subtracting the values 
of the Lβ/Lα transition from those of the Lc/Lα transition respectively, were considerably larger 
compared with those of the Lβ/Lα transition.  This fact is quite different from the case of the 
saturated PC bilayer membranes, which will be compared below, and means that the saturated 
PE bilayer membranes form the significantly stable Lc phase. 
The ΔH values of the Lc/Lα transition and Lβ/Lα transition for the saturated PE bilayer 
membranes have been compiled with several literatures by Koynova, et al. [34] and also 
obtained from DSC with high accuracy by Lewis, et al. [33].  Our ΔH values for the Lc/Lα 
transition were the highest of the three data: they were considerably larger than those of 
Koynova, et al. and relatively close to those for Lewis, et al. although the latter data were only 
obtained for the 12:0-PE and 14:0-PE bilayer membranes.  For the ΔV values, Koynova, et al. 
[31] have determined them by densitometry.  Our results for the Lβ/Lα transition were almost 
comparable with these data, whereas those for the Lc/Lα transition were different among them.  
They showed almost the same ΔV values of the Lc/Lα transition for the saturated PE bilayer 
membranes irrespective of the acyl chain length.  However, our results indicated definite 
acyl chain length dependence as well as the case of the Lβ/Lα transition.  We speculate that 
the difference in ΔH and ΔV values of the Lc/Lα transition may be caused by the difference in 
lipid sample preparation.  In this study, we performed thermal annealing on samples of long 
chain PEs for the Lc-phase observation and thereby we observed the Lc/Lα transition for all 
saturated PE bilayer membranes.  Taking into account that the Lc/Lα transition includes the 
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chain melting and the ΔH and ΔV values of subtransition for the saturated PC bilayer 
membranes also exhibit the definite chain length dependence [22], it can be said that the 
present values are reasonable for those of the transition from the Lc phase formed completely 
to the Lα phase. 
 
4.2. Comparison of phase-transition enthalpies and volumes between saturated diacyl-PE and 
diacyl-PC bilayer membranes 
 
The ΔH and ΔV values of bilayer membranes of the PC series are also compared in Fig. 
6.  Here, since PC bilayer membranes exhibit the gel-phase polymorphism such as the 
lamellar gel (Lβ') and ripple gel (Pβ') phases with tilted lipid molecules, we used the values of 
the Pβ'/Lα transition as those of the gel/Lα transition, and the cumulative values of the sub 
(Lc/Lβ' or Lc/Pβ'), pre (Lβ'/Pβ') and main (Pβ'/Lα) transitions as those of the Lc/Lα transition 
except for the 12:0-PC bilayer membrane [17,22].  In the 12:0-PC bilayer membrane, the 
cumulative values of the Lc/(intermediate liquid crystalline: Lx) and Lx/Lα transitions in the 
50% ethylene glycol solution were used as those of the Lc/Lα transition [60].  Regarding the 
quantities of the gel/Lα transition, the ΔH and ΔV values of both PE and PC series had the 
almost the same values as each other except for the bilayer membranes of chain length of 12.  
Resemblance of the quantities of the gel/Lα transition for both PE and PC series reveals that 
the acyl chain melting is principally dependent on the chain length of a lipid molecule 
irrespective of the head-group structure.  The results of ΔH and ΔV values for the PE and PC 
series form a striking contrast to the large difference in the gel/Lα-transition temperature 
between both series given in Fig. 5. 
Unlike the quantities of the gel/Lα-transition, those of the Lc/Lα transition for the PE 
series were larger than those for the PC series.  Since the ΔH and ΔV values of the gel/Lα 
transition for both PE and PC series were comparable to each other, it turned out that both 
values of the Lc/Lβ transition for the PE series, which can be obtained from the difference 
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between the values of the Lc/Lα and Lβ/Lα transitions, were larger than those for the PC series.  
This finding means that the difference between the Lc and Lβ phases of the PE bilayer 
membrane is larger than the corresponding difference of the PC bilayer membrane.  Results 
of X-ray diffraction measurements indicated that the molecular packing of the Lc phase is so 
tight that the state is nearly a solid crystalline state of a lipid [64-66].  Kodama et al. [67-70] 
took notice of the behavior of interlamellar water existing between lipid bilayer membranes 
and revealed the difference in hydration structure between the Lc and Lβ phases by applying a 
DSC method detecting ice-melting peaks to lipid-water systems with various water contents.  
According to their results, a 16:0-PC molecule in the Lβ (exactly Lβ') phase of the bilayer 
membrane has 10 interlamellar (5 nonfreezable and 5 freezable) water molecules, whereas a 
14:0-PE molecule in the bilayer membrane has 6 (2.3 nonfreezable and 3.7 freezable) ones.  
When converting from the Lβ phase to the Lc phase, the total number of interlamellar water 
molecules for the 16:0-PC molecule does not change although the ratio of nonfreezable and 
freezable water molecules changes from 5:5 to 6:4.  On the contrary, the 14:0-PE molecule 
in the Lc phase releases about 5 interlamellar water molecules into bulk water phase and then 
has only 1.3 interlamellar (0.3 nonfreezable and 1 freezable) water molecule, indicating that 
the ease with which interlamellar water molecules are released may be closely related to the 
stability of the Lc phase.  The stronger stability of the Lc phase of PE bilayer membrane than 
PC bilayer membrane is well correlated with the difference in hydration between PE and PC 
molecules in the bilayer membranes. 
Furthermore, the difference in ΔV value of the Lc/Lα transition between PE and PC 
series became smaller with an increase in chain length in contrast with the difference in ΔH 
value.  This is attributable to the fact that the dT/dp values of the transition related to the Lc 
phase for short chain PC bilayer membranes are considerably small in comparison with the 
corresponding PE series.  In the bilayer membranes of chain length of 18, the ΔV values of 
both the PE and PC bilayer membranes were comparable while the ΔH value was larger for 
the PE bilayer membrane.  This suggests that the volume change at the Lc/Lα transition of the 
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18:0-PE bilayer membrane is similar to that of the 18:0-PC bilayer membrane.  Therefore, 
we can say that the volume of the Lc phase of PC series approaches that of PE series with an 
increase in chain length although the hydration states between both molecules are so different 
as described above. 
 
4.3. Thermodynamic properties for phase transitions of unsaturated diacyl-PE bilayer 
membranes 
 
For the unsaturated PE bilayer membranes, the ΔH and ΔV values of the Lα/HII 
transition for the 18:1(cis)-PE and 18:1(trans)-PE bilayer membranes were extremely smaller 
than those of the Lc/Lα transition for the 18:1(cis)-PE bilayer membrane and the Lβ/Lα 
transition for the 18:1(trans)-PE bilayer membrane, respectively, although the dT/dp values of 
the Lα/HII transition became larger than those of the Lc/Lα and Lβ/Lα transitions.  The Lα/HII 
transition corresponds to a packing change between bilayer and nonbilayer membranes.  
They produce a large transformation from a lamellar structure to an inverted hexagonal 
structure.  However, in the Lα/HII transition, the order of hydrophobic chains of the PE 
molecules may not change appreciably at a phase below and above the transition, namely they 
take low-ordered chain conformation including gauche forms in both phases.  Therefore, 
judging from the smaller thermodynamic quantities, we can say that the difference in 
thermodynamic state between both phases is small.  Contrary to this, because the Lβ/Lα 
transition and Lc/Lα transitions involve chain melting, and hence a large change in chain order, 
they also display a large change in entropy and volume.  On the other hand, the dT/dp values 
were conversely larger in the Lα/HII transitions, which implies the transformation between Lα 
and HII structures is markedly influenced by pressure.  A similar tendency was found in other 
bilayer-nonbilayer transitions such as interdigitation of dialkyl-PC bilayer membranes [15,19]. 
We next consider the thermal and volume contributions to each transition by comparing 
the ΔH and ΔV values of the bilayer-nonbilayer (Lα/HII) transition with those of the bilayer-
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bilayer (Lc/Lα  or Lβ/Lα ) transitions.  The ratios of the ΔH and ΔV values between bilayer-
nonbilayer and bilayer-bilayer transitions are listed in Table 3.  The volume contribution was 
larger than the thermal contribution in Lα/HII transition, especially for the 18:1(cis)-PE bilayer 
membrane, the former contribution became more than twice larger than the latter contribution.  
It is further noticed that the bilayer membrane of 18:1(cis)-PE with cis double bonds exhibits 
the greater pressure-responsivity than that of 18:1(trans)-PE with trans double bonds, 
indicating that the formation of the HII phase is markedly influenced by the geometrical 
difference in unsaturated acyl chains of a PE molecule.  Taking into account that the large 
volume contribution of the Lα/HII transition reflects the large dT/dp value characteristic of the 
transition through the Clapeyron’s equation, it turned out that the Lα/HII transition can be 
regarded as the transition dominated by volume contribution as comparison to enthalpic 
contribution, in other words, the volume-driven transition for the reconstruction of molecular 
packing. 
 
4.4. Comparison of thermodynamic properties between unsaturated diacyl-PE and diacyl-PC 
bilayer membranes 
 
Figure 7 compares the pressure dependence of temperatures of the transitions related to 
the Lα phase (Lc/Lα and gel/Lα transitions) for the 18:0-PE, 18:1(cis)-PE and 18:1(trans)-PE 
bilayer membranes together with the corresponding results of bilayer membranes of PC series 
(18:0-PC, 18:1(cis)-PC and 18:1(trans)-PC) [18,21,50] to examine the effect of the 
introduction of double bonds into acyl chains on the phase transitions.  Both PE and PC 
series showed almost similar phase-transition behavior: the transition temperature decreased 
in the order of bilayer membranes of saturated-form lipids, trans-form lipids and cis-form 
lipids, and the introduction effect of two cis double bonds to both chains is significantly larger 
than that of two trans double bonds.  Since the thermodynamic quantities of the transitions 
related to the Lα phase for the 18:1(cis)-PE and 18:1(trans)-PE bilayer membranes were also 
 
- 20 - 
comparable to those for the 18:1(cis)-PC and 18:1(trans)-PC bilayer membranes (cf. Table 2 
for the PE series and tables in our previous studies [18,50] for the PC series), the resemblance 
of the thermodynamic quantities was also applicable to the case of the unsaturated lipids as 
well as the case of the saturated lipids given in Fig. 6.  It should be noted that the dT/dp 
value and thermodynamic quantities of the Lc/Lα transition for the 18:1(cis)-PE bilayer 
membrane had close values to those for the 18:1(cis)-PC bilayer membrane, supporting that 
the transition is the Lc/Lα transition.  However, the temperatures of the transition related to 
the Lα phase for the PE series were higher than those for the PC series.  We can also say that 
the strong attractive interaction between polar head groups of the unsaturated PE molecules in 
the bilayer membrane elevates the transition temperature as the case of the saturated PE 
bilayer membranes.  Furthermore, the discussion of hydration difference between the 
saturated PE and PC bilayer membranes essentially may hold true for the unsaturated PE and 
PC bilayer membranes.  The existence of the Lβ phase in the DOPC bilayer membrane but 
not in the DOPE one is related to the difference in hydration of PC and PE head groups.  In 
the DOPE bilayer membrane, the decrease in interlamellar water molecules at low 
temperature below the freezing point of water prevents the bilayer membrane from converting 
the Lβ phase.  Then, the Lc phase can only be observed in the DOPE bilayer membrane. 
Here, comparing Fig. 7 with Fig. 3, we notice that the phase diagram of the 18:1(cis)-
PC bilayer membrane qualitatively resembles those of the 16:0-PE and 18:0-PE bilayer 
membranes: their gel phases exist as the stable phase only under high pressure region in 
common.  16:0-PE or 18:0-PE with saturated acyl chains and a small sized head group is 
markedly different in molecular structure from 18:1(cis)-PC with unsaturated acyl chains and 
a large sized head group, and hence it is considered that the interaction between lipid 
molecules in the gel phase of the former PE bilayer membranes is much stronger than that of 
the latter PC bilayer membrane.  Although there is a difference that the gel-phase stability of 
the 16:0-PE and 18:0-PE bilayer membranes changes in the region of high temperature and 
low pressure while that of the 18:1(cis)-PC one does in the region of low temperature and 
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high pressure, this resemblance in phase states between both lipids suggests that unsaturated 
lipids can take similar phase behavior to saturated lipids depending on temperature and 
pressure. 
 
4.5. Thermodynamic phase behavior of diacyl-PE bilayer membranes 
 
Finally, it is useful to understand the change in phase behavior of the present PE bilayer 
membranes depending on temperature, pressure, chain length and chain unsaturation from the 
thermodynamic point of view.  The fundamental phase states for lipid bilayer membranes 
are three: the Lc, Lβ and Lα phases.  Figure 8 illustrates the temperature dependence of free 
energies, namely isobaric curves of chemical potentials, at various pressures to consider the 
phase stability.  In this figure, the slope of a curve corresponds to the entropy of each state.  
Pressure varies by the same intervals and the movement to the right side is the direction of 
pressurization.  The temperature at which two chemical potential curves intersect is the 
phase-transition temperature.  The Lβ phase is metastable in the left side region in the figure 
(low temperature and low pressure) and the Lβ/Lα-transition temperature is lower than the 
Lc/Lα-transition temperature.  This behavior corresponds to the phase diagrams of the 12:0-
PE and 14:0-PE bilayer membranes in the whole pressure range and the phase diagrams of the 
16:0-PE and 18:0-PE bilayer membranes in the lower-pressure range.  The increase of acyl 
chain length in the PE molecule makes the chemical-potential curve move into the right side 
region.  The 18:1(cis)-PE bilayer membrane undergoes only the Lc/Lα transition in the 
present study.  This behavior is understandable that the phase stability of the 18:1(cis)-PE 
bilayer membrane corresponds to further left side region where the temperature difference 
between the Lc/Lα and Lβ/Lα transitions becomes larger.  In this region, the Lβ phase is no 
longer metastable but unstable due to the great depression of the Lβ/Lα-transition temperature.  
On the other hand, three phases, Lc, Lβ and Lα phases can be observed as all stable phases in 
the right side region in Fig. 8 (high temperature and high pressure).  This behavior 
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corresponds to the phase diagrams of the 16:0-PE and 18:0-PE bilayer membranes in the 
high-pressure range.  Usually, the detection of the Lc phase is required the suitable thermal 
annealing treatment of lipid samples such as long-term cold storage.  Insufficient annealing 
treatment hinders the formation of the Lc phase, as a result, the Lβ/Lα transition instead of the 
Lc/Lα transition as a metastable phase (broken-line region in Fig. 8) appears. 
The chemical potential curve is closely related to the lipid molecular structure: the 
curves of PE bilayer membranes are generally located in the left side region while those of PC 
bilayer membranes are located in the right side region.  The curve of long-chain saturated 
PC bilayer membranes become more complicated because the Lβ phase separates into the Lβ', 
Pβ' and LβI phases due to the gel-phase polymorphism.  Pressurization makes the curve move 
to the right side region, whereas the substitution of unsaturated acyl chains for saturated 
chains conversely does the curve move to the left side region.  Concerning the HII phase, the 
chemical-potential curve can easily be extended as straight lines with a slightly larger slope 
than the Lα phase in the right side region of the Lα phase (see the inset in Fig. 8) although the 
phase is only observable for certain lipids.  In the case of the 18:1(trans)-PE bilayer 
membranes, we could not observe the phase transition related to the Lc phase in this study.  
However, taking into account that it takes a long time to form the Lc phase for a bilayer of a 
long chain saturated PE or PC with chain length of 18 and the acyl chain with a trans double 
bond in the condensed phase takes a similar chain conformation to the saturated chain, it is 
expected that the gel phase may exist as a stable phase.  Then the isobaric chemical potential 
curve of the 18:1(trans)-PE bilayer membranes may be located in the right side region like the 
long chain saturated PC bilayer membrane.  Similarly, isothermal curves of chemical 
potentials can also be considered [18].  The phase behavior of various kinds of lipid bilayer 
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5. Conclusions 
 
Thermotropic and barotropic phase transitions of the saturated and unsaturated PE 
bilayer membranes were examined in this study.  The T–p phase diagrams and 
thermodynamic quantities of the phase transitions of the saturated and unsaturated PE bilayer 
membranes showed the characteristic behavior.  The stability of the gel phase for the 
saturated PE bilayer membranes changed from metastable to stable depending on pressure and 
chain length, and there was no gel-phase polymorphism observed for the corresponding PC 
bilayer membranes.  The Lc phase formed by the saturated PE molecules was more stable 
than that formed by PC molecules although the chain-melting behavior of both PE and PC 
bilayer membranes was almost comparable to each other.  These findings are attributable to 
the strong interaction between small-sized polar head groups of the PE molecules with small 
numbers of interlamellar water molecules in the bilayer membrane.  This stronger interaction 
also contributes to the higher phase-transition temperature of the PE bilayer membranes.   
On the other hand, the unsaturated PE bilayer membranes exhibited the greater reduction of 
phase-transition temperatures than the saturated PE ones like the case of the corresponding 
PC ones.  The contrasting feature of the unsaturated PE bilayer membranes as compared 
with the PC ones is the formation of non-bilayer HII phase at higher temperatures.  The high-
pressure responsivity of the Lα/HII transition proved that the transition is the volume-driven 
transition for the reconstruction of molecular packing and simultaneously is subject to the 
geometrical structure of acyl chains of a lipid molecule.  When considering the chemical 
potential curves depending on several influencing factors on the phase transitions, the phase 
transitions of lipid bilayer membranes can be comprehensively interpreted from the 
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Figure Legends 
 
Fig. 1.  DSC heating thermograms of saturated and unsaturated PE bilayer membranes: (1) 
12:0-PE, (2) 14:0-PE, (3) 16:0-PE, (4) 18:0-PE, (5) 18:1(cis)-PE, (6) 18:1(trans)-PE.  A 
large ice-melting peak in the vicinity of 0°C was omitted in the figure. 
 
Fig. 2.  Typical curves for isobaric thermotropic phase transitions of saturated and 
unsaturated PE bilayer membranes: (a) 14:0-PE, (b) 18:0-PE, (c) 18:1(trans)-PE.  Pressure: 
(a) (1) 1st scan at 0.1 MPa, (2) 2nd scan at 0.1 MPa, (3) 1st scan at 102 MPa, (4) 2nd scan at 
102 MPa; (b) (1) 1st scan at 0.1 MPa, (2) 2nd scan at 0.1 MPa, (3) 1st scan at 47 MPa, (4) 2nd 
scan at 47 MPa; (c) (1) 0.1 MPa, (2) 62 MPa. 
 
Fig. 3.  Temperature-pressure phase diagrams of saturated PE bilayer membranes: (a) 12:0-
PE, (b) 14:0-PE, (c) 16:0-PE, (d) 18:0-PE.  Phase transitions: (£) Lc/Lα or Lc/Lβ transition, 
() Lβ/Lα transition.  Solid and broken lines indicate the phase transition between stable 
phases and that between metastable phases, respectively. 
 
Fig. 4.  Temperature-pressure phase diagrams of unsaturated PE bilayer membranes: (a) 
18:1(cis)-PE, (b) 18:1(trans)-PE.  Phase transitions: (£) Lc/Lα transition, () Lβ/Lα 
transition, (s) Lα/HII transition. 
 
Fig. 5.  Effect of hydrophobic chain length on phase-transition temperatures of saturated 
phospholipid bilayer membranes: (£) Lc/Lα transition, () Lβ/Lα transition, (¢) Lc/gel 
transition, () Pβ'/Lα transition, (¿) Lc/Lx transition.  Open and closed symbols correspond 
to values of saturated PE and PC bilayer membranes, respectively.  For the bilayer 
membranes of saturated PCs except for 12:0-PC, the Lc/gel transitions are the Lc/Pβ' transition 
for the 14:0-PC bilayer membrane and the Lc/Lβ' transitions for the 16:0-PC and 18:0-PC 
bilayer membranes.  For the 12:0-PC bilayer membrane, the temperature of the Lc/Lx 
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transitions in the 50% ethylene glycol solution was plotted in the figure.  The standard error 
bars are omitted because they are smaller than the size of the symbols. 
 
Fig. 6.  Effect of hydrophobic chain length on phase-transition (a) enthalpies and (b) 
volumes of saturated phospholipid bilayer membranes: (£, ¢) Lc/Lα transition, (, ) gel/Lα 
transition.  Open and closed symbols correspond to values of saturated PE and saturated PC 
bilayer membranes, respectively.  For the bilayer membranes of saturated PCs except for 
12:0-PC, the values of the Pβ'/Lα transition and the cumulative values of the sub (Lc/Lβ' or 
Lc/Pβ'), pre (Lβ'/Pβ') and main (Pβ'/Lα) transition were used as those of the gel/Lα transition and 
the Lc/Lα transition, respectively.  For the 12:0-PC bilayer membrane, the cumulative values 
of the Lc/Lx and Lx/Lα transitions in the 50% ethylene glycol solution were used as those of 
the Lc/Lα transition.  The standard error bars are omitted because they are smaller than the 
size of the symbols. 
 
Fig. 7.  Comparison of the pressure dependence of temperatures of the transition related to 
the Lα phase for saturated phospholipid bilayer membranes with those of unsaturated 
phospholipid bilayer membranes: (a) PE series; (1) 18:0-PE, (2) 18:1(trans)-PE, (3) 18:1(cis)-
PE, (b) PC series; (1) 18:0-PC, (2) 18:1(trans)-PC, (3) and (4) 18:1(cis)-PC.  The transition 
of the 18:1(cis)-PE bilayer membrane and those of other phospholipid bilayer membranes are 
the Lc/Lα transition and the gel/Lα (Lβ/Lα or Pβ'/Lα (18:0-PC)) transitions, respectively.  The 
Lc/Lα transition of 18:1(cis)-PC bilayer membrane is shown as the curve 4 in the figure (b) for 
comparison. 
 
Fig. 8.  Schematic diagram of chemical potential–temperature curves for the Lc, Lβ and Lα 
phases.  Solid and broken lines refer to stable and metastable states, respectively.  The 
slopes reflect the partial molar entropies of phospholipids in each state.  Break points on the 
chemical potential curves correspond to phase transition points.  Isobaric curves are drawn at 
regular pressure intervals.  The chemical potential–temperature curve for the HII phase is 
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Fig. 3(2).  Matsuki, et al. 










































Fig. 4.  Matsuki, et al. 
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Table 1.  Thermodynamic properties for the phase transitions of saturated PE bilayer membranes 
 








(J K-1 mol-1) 
ΔV 
(cm3 mol-1) 
12:0-PE Lβ/Lα 304.1 30.9 0.232 19.9  57 15.2 
 Lc/Lα 317.5 44.3 0.212 75.3  237 50.3 
14:0-PE Lβ/Lα 323.0 49.8 0.251 25.1  78 19.5 
 Lc/Lα 330.1 56.9 0.223 80.8  245 54.5 
16:0-PE Lβ/Lα 336.7 63.5 0.252 34.7  103 26.0 
 Lc/Lα 338.5 65.3 0.210 91.2  269 56.6 
 Lc/Lβ – – 0.164 –  – (27.1) a 
18:0-PE Lβ/Lα 347.6 74.4 0.276 39.2  113 31.1 
 Lc/Lα 348.8 75.6 0.207 102.0  293 60.6 
 Lc/Lβ – – 0.180 –  – (29.5) a 




Table 2.  Thermodynamic properties for the phase transitions of unsaturated PE bilayer membranes 
 








(J K-1 mol-1) 
ΔV 
(cm3 mol-1) 
C18:1(cis)-PE Lc/Lα 267.7 -5.5 0.146 28.0  105 15.3 
 Lα/HII 287.7 14.5 0.391 1.4  5 1.9 
C18:1(trans)-PE Lβ/Lα 311.2 38.0 0.209 33.0  106 22.2 








Table 3.  Ratios of ΔH and ΔV between bilayer-nonbilayer and bilayer-bilayer transitions for the unsaturated PE bilayer membranes 
 
Lipid Ratio of ΔH Percentage (%) Ratio of ΔV Percentage (%) 
C18:1(cis)-PE ΔH(Lα/HII)/ΔH(Lc/Lα) 5.0 ΔV(Lα/HII)/ΔV(Lc/Lα) 12.4 







Supplementary Table 1.  Thermodynamic properties for the phase transitions of saturated PC bilayer membranes 
 








(J K-1 mol-1) 
ΔV 
(cm3 mol-1) 
12:0-PC  Lc/Lx a 274.9 1.7 0.120 32.9  120 14.0 
  Lx/Lα a 277.7 4.5 0.150 1.5  5 0.8 
 Pβ'/Lα 270.9 -2.3 0.200 7.5  28 5.5 
14:0-PC Lc/Pβ' 290.3 17.1 0.080 25.7  89 7.1 
 Lβ'/Pβ' 288.1 14.9 0.130 4.5  16 2.0 
 Pβ'/Lα 297.2 24.0 0.210 25.7  87 18.3 
16:0-PC Lc/Lβ' 294.7 21.5 0.180 26.3  89 16.1 
 Lβ'/Pβ' 307.5 34.3 0.130 4.6  15 1.9 
 Pβ'/Lα 315.2 42.0 0.220 36.4  115 25.4 
18:0-PC Lc/Lβ' 304.2 31.0 0.220 28.6  94 20.7 
 Lβ'/Pβ' 324.1 50.9 0.140 5.0  15 2.2 
 Pβ'/Lα 328.8 55.6 0.230 45.2  137 31.6 




Supplementary Table 2.  Thermodynamic properties for the phase transitions of unsaturated PC bilayer membranes 
 








(J K-1 mol-1) 
ΔV 
(cm3 mol-1) 
C18:1(cis)-PC Lβ/Lα 232.9 -40.3 0.233 –  – – 
 Lc/Lα 256.0 -17.2 0.131 29.4  115 15.1 
C18:1(trans)-PC Lc/Lβ 282.2 9.0 0.108 35.9  127 13.7 
 Lβ/Lα 284.3 11.1 0.180 23.3  82 14.7 
 
 
